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ABSTRACT 
This paper discusses the use of photo-
elastic coatings to measure flexural stress-
es in very thin flexural specimens (0.008 inches thick refrigeration compressor 
valves). A suggested procedure for apply-ing the coatings to thin specimens having 
intricate contours is described in detail; 
the method involves the use of pre-cast plastic sheets. Correction factors to ac-
count for the influence of the plastic and 
cement on measured stresses are discussed. A theoretical correction factor is develop-
ed for equal load and equal deflection con-ditions; use of this correction factor is 
shown to yield accurate relative stresses. An experiment conducted on specimens having 
a qeometrv similar to the valve geometries 
and having known stress concentration fac-
tors shows that an additional experimental 
correction factor must be used to obtain 
absolute stresses in thin specimens. 
INTRODUCTION 
This paper is an outgrowth of the desire to 
measure flexural stresses in ring type com-pressor valves in order to predict their 
fatigue lives. It was desired to predict 
the relative fatigue lives of the two 
valves shown in Figure l. The valves shown 
are approximately two inches in diameter, 0.008 inches thick, and are made from 
spring steel. Cross-hatched areas repre-
sent clamped portions. The two tabs on 
each valve which are not clamped operate 
against stops which limit valve deflection~ 
Relative fatigue life predictions are de-
pendent upon dynamic stress levels. Dyna-
mic valve stress measurements using minia-
ture epoxy-backed foil strain gages in 
operating compressors have been reported by previous investigators of cantilever 
type valves where it is known that the peak flexural stress normally occurs at the 
clamped end [lj. Ring valve geometries are 
generally so complex that the stress 
analyst has little idea of the location of 
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the point(s) of peak flexural stress. 
Hence, there was an immediate need for a 
stress analysis procedure capable of loca~ ing these point(s) of maximum stress. 
The photoelastic coating method was selec~ 
ed as an applicable method for stress 
analysis of ring valves of this type. 
APPLICATION OF PHOTOELASTIC COATINGS 
Two methods of applying photoelastic plas-
tic to the valves were investigated. The first method involved casting of liquid 
plastic directly onto the specimen in some 
type of mold. The second method entailed 
cementing a pre-cast plastic sheet cut to 
the desired outline directly to the speci-
men. The pre-cast sheet method was found 
to be the more satisfactory method for the following reasons: 
1. Casting the liquid plastic was more 
time-consuming and required elabora~ 
molds. 
2. It was quite difficult to remove a 
valve coated with liquid plastic 
from the mold without inducing a se-
paration between the plastic and the 
valve. 
3. At the time the research was being 
conducted, circa 1966, commercially 
available sheet plastic had a 50% 
higher strain-optical coefficient 
than did commercially available 
liquid plastic. 
This third reason is perhaps the most sig-
nificant, since increased thickness is re-
quired for more sensitivity with plastics 
of equal strain optical coefficient. This 
is impor·tant, since the effect of the plas-
tic on the stresses which would have exist-
ed in an uncoated valve becomes more diffi-
cult to assess as plastic thickness in-
creases. 
In order to successfully apply photoelas-
tic plastic sheets to specimens having 
intricate contours, it was necessary to 
develop refined procedures which included 
additional features to those recommended by 
the suppliers of the plastic and cement. 
These procedures are summarized below; the 
instructions given are intended to supple-
ment, and not to replace, those furnished 
by the suppliers. 
1. Materials. The plastic and cement 
listed are those found most satisfac-
tory at the time this experimental 
work was conducted. 
PS-1-D plastic sheets (Photolastic, 
Inc., Malvern, Penn.), 0.010 inches 
or 0.020 inches thick. 
4HRCT Cement (Instruments Division, 
The Budd Company) or High Elongation 
Cement (Photolastic, Inc.). 
2. An outline of the shape to be coated 
is traced onto the protective coating 
on the plastic. This pattern is cut 
out and trimmed such that it is 
slightly larger than the specimen. 
(Leaving the plastic oversized is ne-
cessary to ensure that the plastic 
covers the entire specimen after final 
trimming.) 
The protective coating is removed and 
the prepared plastic is cleaned with 
alcohol and set aside. 
3. The surface of the specimen is clean-
ed using successive applications of 
Metal Conditioner and Neutralizer (Wm. 
T. Bean, Inc.) in much the same manner 
as surfaces are prepared for strain 
gage application. After each applic~ 
tion of a chemical, the surface is 
purged with water before the remain-
ing chemical is wiped away with tis~e 
paper. The cleaned specimen is set 
aside. 
4. The cement is prepared according to 
the suppliers instructions. 
5. The cement is carefully applied to 
the specimen such that all areas are 
covered. The specimen is placed on a 
surface to which the cement will not 
adhere and the plastic placed atop 
the cement. 
6. The plastic is positioned such that 
once final trimming to size is accom-
plished, all areas of the specimen are 
covered. Excess cement is squeezed 
out by pressing lightly on the plas-
tic. 
7. Final trimming such that the plastic 
and specimen boundaries coincide 
exactly is done using small files. 
Filing should be done toward the 
specimen to preclude separations. 
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The coated specimen is now ready for test--
ing. Using the procedure outlined above, 
it was possible to coat specimens leaving 
negligible residual stresses and to test 
them with no separation at either the plas-
tic-cement or cement-steel interfaces. A 
typical fringe pat·tern is shown in Figure 
2. 
THEORETICAL CORRECTION FACTORS 
The need for a thorough study of the effect 
of the plastic became apparent during early 
attempts to measure stresses in ring valves. 
When 10- and 20-mil plastic coatings were 
applied to identical valves and the indi-
cated stress corrected using the most ap-
plicable theory (reviewed below), the 
stresses indicated by the 10-mil plastic 
were as much as 40% higher than those indi-
cated by the 20-mil plastic. 
Review of the Literature. When the pho-to-
stress technique is used to measure bending 
stresses in valves, the indicated stress on 
the valve surface as found from the photo-
stress technique is not the stress which 
would have ex.isted on the surface of an un-
coated valve under identical loading condi-
tions. Three phenomena account for the 
difference [2]: 
1. The neutral surface in the valve is 
shifted toward the side on which the 
plastic is applied. 
2. A strain gradient (which may, in 
fact, not be linear) exists in the 
plastic, and the measuring equipment 
indicates only an average strain 
through the plastic thickness. 
3. The plastic bears a portion of the 
applied load and thus exerts a rein-
forcing effect. 
It is the third phenomenon which has lead 
to the term "reinforcing correction factor'~ 
In the literature this term has been used 
to describe the effects of all three pheno-
mena. A reinforcing correction factor re-
lates the indicated strains in coated spec-
imen to the strains in the same specimen 
identically loaded but without the plastic 
coating. 
Many articles discussing reinforcing cor-
rection factors have appeared in the liter-
ature in the last several years. In the 
case of plane and/or flexural stresses, 
Zandman et al [2] have developed expres-
sions based on a strength of materials ap-
proach. Other authors such as Duffy [:3], 
Lee et al [4], Theocaris and Dafermos [5] 
Duffy and Mylonas [6] and Amba-Rao [7] have 
pointed out that a more general theory of 
elasticity approach is required to accur-
ately assess the effect of the plastic in 
the presence of high strain gradients, 
surface curvature, and/or ratio of plastic 
thickness to specimen thickness. 
Since the valves analyzed were quite thin 
(0.008 inches) and since a minimum plastic 
thickness of 0.010 inches was necessary to 
achieve sufficiently high fringe orders 
to yield meaningful results (indeed, even 
a plastic thickness of 0.020 inches yield-
ed less than three fringes), the plastic/ 
specimen thickness ratio was necessarily 
appreciable. Also, since the valve geome-
tries were intricate, high strain gra-
dients were encountered. Thus, there 
seemed to be reason to question the appli-
cability of reinforcing correction factors 
based on a strength of materials approach, 
and a thorough study of available theory 
was undertaken. 
The more general theory of elasticity ap-
proach is presented for two special cases 
by Duffy [3] and in a third special case 
by Lee et al [4]. Duffy considers two 
types of one-dimensional sinusoidal dis-
placements at the coating-specimen inter-
face and derives correction factors for 
each assumed displacement; these correc-
tion factors enable one to evaluate the in-
dicated strain if the deflections are know 
and are of the form(s) considered. The 
inverse problem of finding the deflections 
(from which, of course, strains follow 
immediately) given the indicated strains, 
is the problem of concern in this applica-
tion, and this was covered only briefly at 
the end of Duffy's paper. Unfortunately, 
the results presented had primarily aca-
demic value for quantitative analysis of 
the valve geometr~es and loading conditions 
under consideration. The reference did, 
however, serve a valuable role: to indi-
cate that care must be taken in inter-
preting indicated strain readings when 
strain gradients are high, and specimen 
thickness is small relative to plastic 
thickness. 
The paper by Lee et al [4] is very similar 
in nature to Duffy's paper in that infin-
ite coatings in which only the coating 
thickness is limited are discussed. 
Duffy's solution is extended to a two-
dimensional deformation having radial sym-
metry. Once again, the applicability of 
the results depends upon knowing the dis-
placements. 
Theocaris and Dafermos [5] present an 
analysis for finite coatings for several 
specialized displacement distributions; e. 
g. one of them is a triangular distribu-
tion about an axis of symmetry. 
Modification of Zandman Theory. Because 
of the rather spec~al~zed nature of the 
geometries considerd in most of these 
papers, it was decided that the most ap-
plicable theory was that presented by 
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Zandman et al [2] which considers the pro-
blem of relating strains in an uncoated 
place in flexure to the strains indicated 
in a coated plate. Expressions are deve-
loped giving the ratio of indicated strain 
in a coated plate to strain in an uncoated 
plate subject to either the same load or 
to the same deflection. This ratio is 
plotted versus the ratio of plastic thick-
ness to plate thickness, neglecting cement 
thickness. Because of the presence in the 
operating compressor of a valve stop to 
limit valve travel, the equal deflection 
condition is of interest here. 
In this research cement thickness is, of 
necessity, of the same order of magnitude 
as the plastic and valve thickness, and 
consequently it was necessary to modify 
the results of Zandman's work to include 
the effects of cement thickness. A deriva-
tion based on zandman's approach, but 
modified to account for the effect of ce-
ment thickness, follows. The notation is 
based on that used by Zandman. 
Consider the element of a plate in flexure 
as shown in Figure 3 where t ,t , and t 
s a p 
are specimen, cement and plastic thick-
nesses respectively, 6 is the location of 
the neutral surface below the cement-spec~ 
imen interface, and s , 8 are stains in X y 
the x- and y- directions, respectively. 
Under the assumptions that a straight line 
normal to the neutral surface remains 
straight after flexure, and that strains 
are inversely proportional to the radii of 
curvature, we may write 8 = z/R , ~ = X X y 
z/R where the R's are radii of curvature. y 
The neutral surface location is obtained 
from equilibrium considerations. Here it 
will be assumed that the same modulus of 
elasticity, Ec' and the same Poisson's 
ratio, ~c' exist for the cement and the 
plastic [8]. From equilibrium in the 
x-direction 
0 (1) 
where ox(s) and ox(c) are stresses in the 
x-direction in the specimen and coating 
(cement and plastic). Using Hooke's Law, 
Equation (1) becomes 
(2) 
0 
where b' = t - 6, and o" = b + t + t s a p 
Assuming ~c = ~s and integrating yields 
6 = [t 2 - ~(ta+t J 2]/2[t +a(t +t J] s p s a p (3) 
where 
a E /E 
c s 
The strain difference is 
1 1 
z (-- -) R R (4) X y 
The surface strain on the uncoated plate is 
at z = t /2. The average strain difference 
through ihe plastic is that which is indi-
cated by the reflection polariscope. Under 
the assumptions of this derivation, this is 
the strain difference at the midpoint of 
the plastic where z = 6+t +t /2. Let a p 
Ex(O) - €y(O) be the strain difference at 
the surface of the uncoated plate and 
(x(c) - ~y(c) be the average strain differ-
ence in the photostress plastic on the 
coated plate. From Equation (7) 
t (!___ !___) 
€x(O) - c:y(O) 
s 
2 R Ry X 
t (!___ !___) (x(c)- Ey(c) (o+ta +/J R Ry X 
Now the assumption will be made that the 
radii of curvature are the same for equal 
deflections of coated and uncoated plates. 
Defining C d as "indicated average strain ze 
difference in coated plate" divided by 
"strd.in difference at surface of uncoated 
plate" yields 
(5) 
where o is given by Equation {3) above. 
Figure 4 shows Czed plotted as a function 
of t /t and t /t for a = 0.012, a value 
a s p s 
appropriate for steel and the plastic coat-
ings used in the experimental portion of 
this work. 
Equations {3) and (5) may be used to calcu-
late a reinforcing correction factor which 
accounts for the effect of the cement. 
Note that two phenomena contribute to this 
factor. 
1. The neutral axis is shifted by the 
plastic. 
2. The polariscope indicates the avera~ 
strain difference through the plastic. 
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For assumed equal deflections of the coat-
ed and uncoated plates,the reinforcinq 
effect of the cement and plastic does-not 
influence the indicated strain; thus the 
term "reinforcing correction factor" is 
not strictly accurate here. This term, 
however, has been used when the effects of 
the plastic on flexural stresses indicated 
by the photostress method of stress analy-
sis are being discussed. The correction 
factor for equal loads is derived in Appen-
dix A. 
The equation corresponding to (5) which 
assumes a negligible cement thickness is 
c2 d = (o+t /2)/(t /2) e c c (6) 
where t is the coating thickness (plastic c 
only), and 
2 2 
6 = (ts- a..tc)/2(ts+atc) (7) 
EXPERIMENTAL EVALUATION OF MODIFIED 
ZANDMAN THEORY 
Although the modified Zandman theory is 
based on assumptions which more general 
theory has shown may not be completely 
realized for the valve geometries conside~ 
ed, it represented the most useful ap-
proach available for this application. 
Because of doubts about the assumptions 
upon which the modified correction factors 
are based, an experiment to assess their 
accuracy was conducted. It was decided 
that it would be a relatively straight 
forward procedure to design a cantilever 
beam having the same thickness as the val-
ves and having a discontinuity which would 
serve as a stress raiser and yield strain 
gradients similar to those in the valves. 
Comparison of Section A-A of the valve 
geometry being analyzed shown in Figure 5 
to Section B-B of the cantilever strip 
shown in Figure 6 will reveal the reason 
for the choice of this particular canti-
lever valve geometry. (At this point sev-
eral valves had been coated successfully 
and the locations of the points of peak 
stress as shown in Figure 5 were known.) 
Plastic of the same thickness(es) used on 
the valves would be applied to the canti-
lever strip and, seemingly, the reinforc-
ing effect for the cantilever strip would 
be very nearly the same as for the valves. 
At this point an interesting sidelight 
developed. A discrepancy of about 50% was 
found to exist between Peterson's l9l and 
Lipson's llO] results for stress concentra-
tion factors for thin plates in transverse 
flexure having semi-circular notches. For 
this reason the second calibration strip 
geometry shown in Figure 7 was chosen. 
Again a discrepancy existed, but the con-
flict was capable of resolution for the 
case of circular holes. Examination of 
the pertinent literature [11, 12, 13] on 
which the stress concentration factors for 
circular holes should be based, revealed 
that Peterson's results were the ones which 
were well-founded. Thus, we used Peterson's 
factors as the basis for the experimental 
study of reinforcement correction fa~tors 
and we recommend that Peterson's be the 
ones used rather than Lipson's for the 
cases studied here. 
Beams of each geometry having thicknesses 
of 0.008 inches (the valve thickness) and 
0.0125 inches were fabricated. Since the 
correction factor is a function of the pla~ 
tic/specimen thickness ratio, it was de-
cided to coat the 0.008 inch thick beam 
with 20-mil plastic and the 0.0125 inch 
thick beam with 10-mil plastic to obtain a 
wide range of thickness ratios. Care was 
taken to ensure that accurate values for 
the various thicknesses were known. The beams were loaded, given known deflections 
and the fringe order at the edge of the dis-
continuity plotted versus beam deflection. 
The linearity of the fringe order-deflec-
tion curves and the fact that they passed 
through the origin gave confidence that the 
plastic was applied with a negligible resi-dual stress level. Figure 8 shows one of 
the curves obtained. 
A theoretical stress oB which would exist 
at the edge of the discontinuity in an un-
coated beam was calculated us~g the beam 
flexure formula and a stress concentration 
factor from Peters-on's book [9]. An exper-
imental stress oi indicated by the photo-
stress technique was computed from the 
fringe order and plastic thicknesses. Note 
that JI is the uncorrected stress which is 
obtained when photostress plastic is ap-
plied to valves. An experiment_al reinforc-ing correction factor C was then computed from E 
(8) 
This definition is consistent with the de-finition of the reinforcing correction fac-
tor given in the previous section as the 
ratio of the indicated principal strain 
difference in a coated plate to the princi-
pal strain difference in an uncoated plate, 
since the stress field at an edge is a uni-
axial one for which a = E~s/(1+~) where 
6s is the principal strain difference. 
A reinforcing correction factor c
2 based on 
modified Zandman theory was calculated for 
each beam using Equations (3) and (5). 
The ratio R = CE/c2 was then computed, and 
the results summarized as shown in Table 1 
for various free lengths of the cantilever beam; a standard deflection of 0.5" was 
chosen to compute the fringe order from the 
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best straight line through the fringe 
order versus deflection data. 
One aspect of Table 1 is particularly 
striking. Examination of the last column 
reveals that R = c~cz is generally between 
1.35 and 1.50 for all cases considered. 
The average value of R for the higher 
range of correction factors seems to be 
only slightly higher than the average value 
for the lower range. No consistent trend 
in R as a function of the stress level or 
thickness ratio was found on the basis of 
the configurations established. It was 
established that the reinforcing correc-
tion factors based on the modified 
Zandman theory are definitely not suffi-
ciently accurate for quantitative use. 
They may, however, indicate a stress far 
on the "safe" side of the actual stress; 
i.e., the stress in the uncoated valve 
computed using this theory can be conside~ 
ably higher than the actual stress in an 
uncoated plate. 
That the reinforcing correction factors 
based on a strength of materials approach 
are not quantitatively accurate is not 
surprising and is undoubtedly due to the 
fact that one or more of the assump~1ons 
upon which the derivation is based are not 
satisfied. Work by Amba-Rao [13] and 
Duffy [11] has shown that the assumption 
that normal strains in the coating vary 
linearly with distance from the neutral 
surface is most probably not valid for the 
valve geometries being considered, and 
thus the averaging effect is not correctly 
assessed. Zandman, in fact, states that, 
"The generality of this result depends 
sensitively upon this condition". 
Stress measurements were made on three 
valve geometries: the small radius and 
large radius valves ahown in Figure 1, and 
a third valve having the inner radii even 
more enlarged. Both 10- and 20-mil plas-
tic sheets were used to coat each valve 
geometry. Valve, cement, and plastic 
thicknesses were known to the nearest 1/1~ 
mil for each of the four lobes of each 
valve. Each valve was deflected until it 
touched the valve stop and the indicated 
stress measured in each lobe at the edge 
of the valve. A separate correction fac-
tor based on the modified theory was used 
to correct the indicated stress for each lobe. Finally, all stresses were addi-
tionally adjusted by dividing by R = 1.42, 
an experimental correction factor based on 
the study using calibration strips. The 
four values of corrected stress for a 
given valve geometry coated with a given 
plastic were all within 10% of each other 
and generally within 5%. The averaged re-
sults of this testing program are summar-
ized in Table 2. In the table, all 
stresses have been normalized by dividing 
them by the average stress in small radius 
valve coated with 10-mil plastic. 
Further confidence in the coating techni-
ques and the validity of the modified cor-
rection factor was obtained when strain 
gages were applied to four small radius 
and three large radius valves. Figure 9 
shows a typical strain gage application on 
a small radius valve. The results of the 
strain gage study are summarized in Table 
3 where the measured strains have been no~ 
malized by dividing by the average cor-
rected strain in the small radius valve 
coated with 10-mil plastic. Note that the 
strain ratio agrees closely with those ob-
tained with photoelastic plastic coatings. 
The strain magnitudes are slightly higher 
than obtained with the coatings; however, 
the strain gage readings were not correct-
ed for the fact that the gages were not at 
the valve surface (which made the readings 
high) or for the fact that the gages indi-
cate an average strain over their area 
(which made the readings low). 
CONCLUSIONS 
1. The coating procedure and materials 
presented above make it possible to 
coat thin flexural specimens having 
intricate contours, leaving no resi-
dual strains in the coating, and to 
repeatedly statically test the coated 
specimens with no separation at either 
the plastic-cement or cement-specimen 
interfaces. 
2. Photoelastic coating analysis utiliz-
ing appropriate correction factors is 
a practical and accurate method of 
obtaining relative static stresses in 
thin flexural specimens. 
3. The modified correction factor yield-
ed corrected strains within 11-14% of 
each other for 10- and 20-mil coatings 
applied to the same valve geometry. 
Unmodified theory had yielded results 
differing by as much as 40%. 
4. To get absolute strains, it was neces-
sary to apply an additional, empiricaL 
correction factor. This experimental 
factor was obtained using specially 
prepared specimens having a geometry 
with a known stress concentration fac-
tor and as closely approximating the 
valve geometry as possible. 
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APPENDIX 
Correction Factor For Equal Applied Load 
Cond~t~on 
Following procedures identical to those 
used by Zandman [2], one may obtain the 
correction factor for beams or plates sub-jected to equal loading conditions as 
where 
6+t +t /2 
a P 
2 2 
i3 ~ [ 4 (l+ar3) 3(1-ar ) ] 
- l+ar · 
Here r ~ (t +t )/t . 
a p s 
Figure 10 
t /t and a s 
shows czet as a function of 
t /t for a = 0.012. It can be p s 
seen from this figure that CZet is not very 
sensitive to variations in t /t at parti-a s 
cular values oft /t between 1.75 and 2.0. p s 
The implication to the experimenter is ob-
vious; if a plastic can be chosen such that 
t /t lies in this range, the effect of ad-p s 
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Figure 10. Correction Factor for Equal 
Load conditions 
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Table l. RESULTS OF EXPERIMENTAL STUDY OF CORRECTION FACTORS 
Type of 
Discon- Beam Beam aB GI tinuity Thickness Length 
in in psi psi 
Notch 0.008 2.022 37' 000 ~ 223,000 
.Q 
" " 2.275 25,900 ~ ~ 169,000 (j) 
:J 
" " 23' 600 -~ t 0' 2.346 156,000 
·rl 
> l1l c 
" 0.0125 2.165 71,400 11l"" 224,000 ..c () 
" " 2.360 57,800 -1-l c 158,000 (j) Ul 0 .jJ (JJ·rl Hole 0.008 l. 995 42,500 .Q-1-l 291, 000 Ul l1l Ul 
" " 2.094 36,900 '01.< 254,000 (j) C-1-l I-< 
l1l c -1-l 
" " 2.199 31,700 (j) 227,000 Ul >.o 0 
" 0.0125 1.907 106,100 I-< c 324,000 -4J 0 0 0 (j) () 
.c 
" " 1.985 94,700 .c 301, 000 0.. 
.jJ Ul 
" " 2.190 70,200 Ul 206,000 ty\ E w c 
l1l I-< ·rl 
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Table 2. RESULTS OF PHOTOSTRESS TESTS 
Valve and Plastic 
'
Maximum Stress 
(Corrected and l Normalized) 
Stress Ratio for 
a Given Plastic 
Thickness 
Small Radius Valve 
10-mil plastic 
Small Radius Valve 
20-mil plastic 
Large Radius Valve 
10-mil plastic 






Very Large Radius Valve 0.808 
10-mil plastic 
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Table 3. RESULTS OF STRAIN GAGE TEST 
Figure 9. Strain Gage Installation 
377 
Strain in Small 
Radius Valve 
1.06 
Strain in Large 
Radius Valve 
0.92 
Strain 
Ratio 
1.16 
